term synaptic changes (Bliss and Collingridge, 1993) that are believed to be necessary for the formation and maintenance of memory representations in the neocortex (Hebb, 1949; Buzsaki, 1996) .
Introduction critical for higher-order cognitive functions such as spatial working memory and the organization of behavioral The hippocampus constitutes a brain region of polysensequences, as well as the ability to adopt new strategies sory convergence that plays a crucial role in the encodfor problem solving when environmental contingencies ing and formation of memories (Squire, 1992) . This hipchange (reviewed by Kolb, 1990; Fuster, 1997) . The pocampal involvement in mnemonic processing is only direct anatomical projections from the CA1/subicular temporary, as memories are gradually translated to region of the hippocampus to areas of the medial prelonger-term neocortical sites through the process of frontal cortex (Jay and Witter, 1991) make the hippomemory consolidation (Squire, 1992). One working hycampal-prefrontal system very attractive for studying pothesis concerning this process is that during sleep principles of cortico-hippocampal communication. In the synapses between neurons in the diverse cortical this report, we explore properties of cortico-hippoareas that carry different parts of a memory are seleccampal interactions during sleep and demonstrate the tively strengthened, thus binding parts of the memory existence of strong temporal correlations between neotogether into a coherent whole that can later be recortical spindles and hippocampal ripples. trieved. Evidence supporting the conjecture that sleep states are involved in memory consolidation was found when neurons in the CA1 region of the hippocampus Results that were coactive during awake behavior were shown to be selectively reactivated during subsequent sleep Figure 1 a time scale of minutes, but more importantly at a time scale of 1-2 s, as illustrated in Figure 1C . Indeed, the supporting the conjectured role of ripples as a vehicle for cortico-hippocampal communication (Ylinen et al., presence of a central peak in Figure 2A demonstrates a strong and consistent tendency for cooccurrence of 1995; Buzsaki, 1996). Conversely, hippocampal neurons tend to fire near the onset of spindles, while cortical ripples and spindles within 1-2 s. Furthermore, the asymmetry between positive and negative time lags in neurons tend to fire immediately afterward, as Figure  4B illustrates. Finally, the firing of cortical neurons is the surfaces of Figure 2A indicates that there is an overall tendency for ripples to precede spindle-ripple episodes strongly correlated with the firing of hippocampal neurons around ripple and spindle events, and there is a ( Figure 2B ). The statistical significance of the observed correlations is assessed in Figure 2C , where nonparadistinct tendency for hippocampal spikes to precede prefrontal spikes ( Figure 4C Figure 1A) were identified for each hippocampal and cortical LFP trace, respectively, and the resulting sequences of time-stamps were analyzed. For each animal, the linear cross-correlation functions between ripple onsets recorded from one electrode and spindle onsets recorded from eight other electrodes are displayed. These crosscorrelation functions are stacked along the y-axis and the resulting sequence of curves is displayed as a surface (a bin size of 500 ms and interpolated color and local averaging are used for rendering purposes). A pronounced 1-2 s wide peak close to ϭ 0 indicates a consistent tendency for spindleripple cooccurence. These effects are robust with respect to changes in the parameters used for automatic detection and identification of the LFP events (spindles and ripples). The cross-correlations displayed here are computed over SWS intervals; REM epochs and periods of awake behavior where no ripples or spindles are observed were excluded from the analysis, since their effect would be to artificially increase the values of the crosscorrelation coefficients (without, however, affecting the shape of the correlation functions). The computations displayed here were performed over slow-wave sleep intervals lasting a total of 1 hr and 25 min for animal 1, 1 hr and 5 min for animal 2, and 3 hr and 40 min for animal 3. LFP traces from rat visual cortical areas (one trace per data set for the data sets from animals 2 and 3; data not shown) were also obtained and also exhibited a similar central peak. . We remark that cortical and hippocampal spikes tend to arrive together and that hippocampal spikes also show a distinct tendency to precede prefrontal spikes. The results presented in this panel are consistent with four more sleep sessions for animal 3 (2 days), two sleep sessions (1 day) for animal 4, and three sleep sessions (1 day) each for animals 1, 2, and 5, for which singleunit data were analyzed. The peak cross-correlations for 13 out of 16 data sets were highly significant (p Ͻ 10 Ϫ4 for a bin size of 30 ms). The asymmetry in Cor(U PFC ,U HIPP ) was observed in 13 out of the 16 data sets analyzed (mean correlation comparison for time lags between Ϫ1 s Յ Յ Ϫ20 ms and ϩ20 ms Յ Յ ϩ1 s led to p Ͻ 0.05 for a one-tailed t test). Cross-correlations for all panels were computed over the union of LFP events, each of which was extended by 2 s on each side.
